Pressure limited sustained off-resonance irradiation for collision-activated dissociation in Fourier transform mass spectrometry  by Gorshkov, Michael V. et al.
Pressure Limited Sustained Off-Resonance
Irradiation For Collision-Activated
Dissociation in Fourier Transform Mass
Spectrometry
Michael V. Gorshkov, Ljiljana Pasa-Tolic, and Richard D. Smith
Environmental Molecular Science Laboratory, Pacific Northwest National Laboratory,
Richland, Washington, USA
A theoretical evaluation of the sustained off-resonance irradiation of ions (SORI) in the
presence of a collisional buffer gas in a Fourier transform ion cyclotron resonance mass
spectrometer is presented. It is shown that there is an optimal pressure for a given set of
irradiation parameters corresponding to the most effective dissociation. Theoretical predic-
tions are compared with experimental results for the dissociation of electrosprayed biopolymer
ions and with previously accepted view of the SORI process. (J Am Soc Mass Spectrom 1999,
10, 15–18) © 1999 American Society for Mass Spectrometry
Because of its initial use in Fourier transform ioncyclotron resonance mass spectrometry (FTICR-MS) [1], the sustained off-resonance irradiation
(SORI) technique [2] for very low energy collisionally
activated dissociation (CAD) of ions has become a
powerful analytical tool for the dissociation and partial
sequence analysis of biopolymers, as well as other
applications. The theoretical foundation of the off-
resonance excitation of ions can be found in early ICR
publications [3–6], and the widely accepted treatment
of the SORI technique is based upon consideration of
the periodic excitation and deexcitation of the ions’
cyclotron motion [7]. The periodic motion of the ions
between the center of the trap and some maximal
cyclotron radius, defined by experimental parameters,
enables the ions to be retained in the trap for a period of
time sufficiently long for efficient CAD because of
numerous relatively low energy collisions with neutral
molecules. SORI can generally promote the essentially
complete dissociation of ions having cyclotron frequen-
cies in close proximity to the irradiation frequency. This
technique has been successfully applied to the study of
small molecule dissociation processes [2, 7], as well as
for partial sequencing of larger biopolymers [8–11] and
the study of large biopolymer complexes [12].
During SORI irradiation the average kinetic energy
%av of the ions over long irradiation periods and in the
absence of collisions is described by the following
equation [9]:
%av 5
qE0
2
8pB
n1
~nexc 2 n1!
2 (1)
in which E0 is the excitation field amplitude, B is the
magnetic field, q is the ion charge, n1 and nexc are
reduced cyclotron and excitation frequencies, respec-
tively. Eq 1 is widely used for estimations of center-of-
mass collision energies for SORI-CAD experiments.
However, SORI-CAD is performed in the presence of
buffer gas, and the collisions between the ions and the
neutrals clearly effect the excitation process. Indeed, if
the pressure is infinitely high, the ions’ radius is instan-
taneously and continuously damped, preventing signif-
icant excitation of cyclotron motion and, therefore, any
activation and dissociation. On the other hand, if the
pressure is too low collisions will be infrequent and
dissociation will be ineffective. In the present work we
describe the SORI event while explicitly accounting for
ion–neutral collisions, and compare theoretical results
with experimental observations.
Theory
The ion motion in the FTICR trap is described by the
Lorentz equation:
m
d2r
dt2
5 qE 1 q Sdrdt 3 BD (2)
in which r is the radius vector of the ion, r 5 (x, y, z);
B is homogeneous magnetic field, B 5 (0, 0, Bz); E is
the circularly polarized component of excitation electric
field (for simplicity, we omit the trapping field and axial
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component of excitation field, consider only positive
ions, and assume that the excitation field is dipolar),
E 5 (E0 cos vexct, 2E0 sin vexct, 0), and where m and q
are the ion’s mass and charge, respectively. The ampli-
tude of electric field is defined by excitation potential
Vpp and the trap geometry, 2E0 5 (bexc Vpp)/d, where
bexc and d are the geometry factor and the size of the
trap (e.g., the diameter for a cylindrical trap). It is more
convenient to consider ion motion in a complex plane
(x, iy). By using the Liouville transformation: x1iy 5
j exp(21
2
i* v0(t)dt], in which v0 5 qBz/m, we can
consider ion motion in terms of a one-dimensional
harmonic oscillator over the coordinate j:
j0 1 Sv02 D
2
j 5
qE0
m
expF2iSvexc 2 v02 D tG (3)
Eq 3 represents ion motion upon excitation in the
absence of collisions. In order to take into account
collisions we incorporate a damping term as follows
[13]:
j0 1 2lj9 1 Sv02 D
2
j 5
qE0
m
expFiSvexc 2 v02 D tG
(4)
in which l represents collisional frequency (in rad/s),
and where we assume that l ,, v0 and ignore the
change of cyclotron radius over the cyclotron period
during irradiation. In our model, we also assume that
“lambda” is independent of ion velocity. Assuming that
vexc 2 v0 ,, vexc, v0, we obtain the following solutions
in the laboratory frame of complex coordinates:
x 1 iy 5
E0
2B~vexc2v0)
(e2ivexct 2 e2iv0t! (5)
for the ion motion in absence of collisions, and
x 1 iy 5 ~ x0 1 iy0!e
2lte2iv0t
1
E0
B~vexcv0 2 il!
e2vexct (6)
for the ion motion in the presence of collisions. The first
term in eq 6 can be ignored for simplicity, as it reflects
free oscillations damped with time. From eqs 5 and 6,
the cyclotron radii of ions during off-resonance excita-
tion can therefore be described by
r(no collisions) 5 Îx2 1 y2
5
E0
B~vexc 2 v0!
sin
~vexc 2 v0!t
2
(7)
r(with collisions) 5
E0
BÎvexc 2 v0)2 1 l2
(8)
Eq 7 was derived in the earlier treatment of SORI [7].
However, eq 8 shows an important difference in ion
behavior when collisions are significant (e.g., when l is
comparable or higher than the difference between exci-
tation and cyclotron frequencies). In this case, the ions
do not oscillate between the center of the trap and some
particular radius; rather, they continuously absorb en-
ergy from the excitation field, which dissipates in
collisions. From eqs 7 and 8, we can obtain the ion
kinetic energy %lab in laboratory system of coordinates.
In the case of the “zero-pressure” approximation, this
energy is an average over the period of radius oscilla-
tions:
%lab(zero-pressure) 5
mv0
2^r2&
2
5
qE0
2
4B
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2
(9)
Eq 9 is commonly used for energy estimation in SORI
experiments [7, 9] (see eq 1). In the case of collisions, the
energy absorbed because of collisions can be approxi-
mated as twice the dissipation function for a one-
dimensional oscillator (see, e.g., [13]), thus, we have
d%lab
dt
5 2l
mv0
2r2
2
5
qE0
2
B
lv0
~vexc 2 v0!
2 1 l2
(10)
As expected, eq 10 describes the Lorentzian power
absorption, and was obtained in early drift-cell ICR
studies [3–6] that dealt with the description of ICR
absorption line shapes. Eq 10 leads to the following
expression for collisional energy (in laboratory system
of coordinates) in SORI experiments:
%lab(pressure limited) 5
qE0
2
B
lv0t
~vexc 2 v0!
2 1 l2
(11)
in which t is the period of irradiation. This equation
shows that the CAD efficiency in SORI experiments will
depend not only on excitation parameters, but also on
pressure. When the pressure is low, %lab } pressure,
when the pressure is high, %lab } 1/pressure, which
means that CAD efficiency will decrease upon further
increase of pressure. When excitation frequency offset,
vexc 2 v0, is equal to the collisional frequency, l, the
ions will have the highest collisional energy, thus, these
conditions will result in the most effective CAD. Now,
consider typical experimental SORI conditions for dis-
sociation of the 41 charge state of polypeptide molec-
ular ions of mass 3000 u in the presence of a buffer gas
(M 5 28 u) in a 7 tesla FTICR mass spectrometer,
where the amplitude of irradiation field is V0 5 1 V at
the frequency offset of 1000 Hz, trap size is d 5 5 cm,
the trap geometry factor is b ; 1, and the irradiation
time t is 0.1 s. At the maximum of dissociation effi-
ciency the collisional energy in the laboratory system of
coordinates will be ;1.7 keV. In collisionless limit
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approximation (where t .. 1/l and l ,, vexc 2 v0),
in order to estimate the energy for activation and
dissociation, one can use the average energy calculated
from eq 9 (which is 1.35 eV for the above-mentioned
excitation parameters) multiplied by the number of
collisions occurred during irradiation. In this case, the
collisional frequency can be estimated from pressure in
the trap (which, unfortunately, is often uncertain in
FTICR because of the experimental difficulties or com-
promises necessary for making accurate pressure mea-
surements), ion cyclotron radius, and the details of the
ion–neutral collisions (which are generally unknown
for biomolecules). Importantly, however, at the maxi-
mum of dissociation efficiency from pressure-limited
model (eq 11) for which l 5 vexc 2 v0, the value of l
can be experimentally determined, potentially reducing
the uncertainty in the estimation of l for energy calcu-
lations. Note, however, that the most commonly used
method to increase the pressure during collisions is a
pulsed introduction of the buffer gas either before or
during irradiation. Thus, it is often the case that during
SORI the pressure in the trap will not be constant. In
this case, the dissociation efficiency will generally drop
from a maximum value as pressure decreases, and the
extent of collisional activation will be less than esti-
mated. There are few possible ways to avoid this
uncertainty: (i) permanently maintaining the high pres-
sure in the trap at the cost of sacrificing the high
resolution capabilities of FTICR; (ii) the use of multiple
trap assemblies in which the product ions can be moved
from high pressure trap to the lower pressure “high
resolution” trap sequentially [15]; and (iii) calibrating
the experimental pressure profile in the trap based
upon SORI experiments with well-characterized sys-
tems.
Experimental and Results
Experiments were performed using an 11.5 tesla FTICR
mass spectrometer equipped with electrospray ioniza-
tion (ESI) source developed and undergoing initial
evaluation at Pacific Northwest National Laboratory
[14]. Melittin ions formed in the ESI source were trans-
ported to the ion trap through a combined rf-only
quadrupole/electrostatic ion guide system. The spec-
trum of melittin consisted of several charge states, from
which the highest abundance charge state (41) was
selected for SORI CAD. The selection of this charge
state was first performed using stored waveform in-
verse Fourier transform [16]. Off-resonance dipolar
excitation of the amplitude, 4.5 Vpp, was applied for a
period of 1 s at a frequency offset, nexc 2 n1 5 580 Hz,
relative to the measured reduced cyclotron frequency of
the selected melittin ions, n1 5 246,980 Hz. In order to
avoid z-axis ejection of ions, the excitation field was
applied below the reduced cyclotron frequency. The
efficiency of dissociation was measured as the fraction
of parent ions dissociated using the relative peak
heights for each isotopic peak in the isotopic envelope.
Buffer gas (dry N2) was injected through the piezoelec-
tric pulse valve (LaserTechnique, Albuquerque, NM)
controlled by TTL pulses from an Odyssey data station
(Finnigan FTMS, Madison, WI). The pressure of buffer
gas during SORI was varied by changing the period of
gas injection immediately before off-resonance excita-
tion. Note that during the irradiation period, the pres-
sure in the trap dropped by at least one order of
magnitude, and thus only a fraction of the total irradi-
ation time effectively contributes to dissociation. (An
alternative approach would be to vary the pressure
behind the piezoelectric valve, although this method
would require the use of two independent valves: one
for SORI experiments, the other one for trapping of
parent ions during their injection from the ESI source. A
more efficient way to control the pressure would in-
volve the use of a leak valve; unfortunately this was not
implemented with our system because it conflicts with
the desire for obtaining high resolution spectra with
minimal time delays after gas introduction.) After the
SORI-CID event, we included up to 20 s of time delay
(i.e., pump-down), allowing pressure to drop to near
base pressure (i.e., 5 3 1029 torr) prior to excitation and
the high resolution detection of the product ions. Note,
that the use of pulsed buffer gas injection implies that a
more general treatment for the collisional frequency l
in eq 4 should make it a time-dependent function. In
this regard, it should be noted that we assume this does
not affect qualitative comparison of the experimental
results with theoretical predictions.
Figure 1 shows the experimental dependence of
Figure 1. Experimental dependence of SORI-CAD efficiency on
relative pressure (assumed to be proportional to the collisional gas
injection time) for the 41 charge state of melittin. The dissociation
efficiency was defined as the fraction of dissociated parent ions.
Experimental data are compared with theoretical prediction (eq
11). Experiments were performed using an 11.5 tesla ESI-FTICR
mass spectrometer [14].
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dissociation efficiency upon buffer gas injection time.
We assume that the pressure is proportional to the gas
injection time (a reasonable assumption because the rate
of gas introduction considerably exceeds the rate of
removal by pumping). Figure 1 shows very good qual-
itative agreement with theoretical predictions based on
eq 11. An increase in pressure beyond the optimal value
leads to greater damping of the ions’ energy and less
effective CAD. Figure 2 shows CAD spectra for melittin
ions obtained when: (a) the pressure is low and disso-
ciation process is not efficient, reflected by the high
abundance of parent ions remaining after the SORI; (b)
the pressure is optimal and parent ions are largely
dissociated; (c) the pressure is high and dissociation
process is again less efficient.
Conclusions
A theoretical treatment of the SORI CAD process has
been developed which takes into account ion collisions
with neutrals during off-resonance excitation and
which has demonstrated good agreement with experi-
mental observations. Our results indicate that eq 11
should be used to calculate the collisional energy in
SORI CAD experiments instead of eq 9, which does not
account for pressure effects. Of particular note is that
there is an optimal pressure (or optimal excitation
frequency offset relative to the reduced cyclotron fre-
quency at a given pressure) that corresponds to the
maximum rate of collisional activation, corresponding
to the situation where the excitation frequency offset is
equal to the collisional frequency.
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